study at Murdoch University. This paper resulted from a series of studies and experiments in 1999, 2000, 2001 and 2002 Summary Snottygobble (Persoonia longifolia) is an ecologically and economically important species in the jarrah forest in Western Australia but is not well represented in jarrah forest restoration projects because it is difficult to germinate. In restored bauxite mines the establishment density of Snottygobble from the soil seed bank is variable and often inadequate. Alcoa considers it a priority to re-establish such key species at adequate densities in its restored mine areas The aims of the present research were: (i) to determine if the species could be cued to germinate; and (ii) to develop a practical method to re-establish the species in restored bauxite mines. We found that fresh Snottygobble seed has high viability (> 90%) but seed stored at 4°C rapidly loses viability over the first year after seed fall. We obtained up to 40% germination using fresh seed that had been treated with gibberellic acid (GA3) after having part of the endocarp chipped away, sown on the soil surface and watered twice daily in an ambient temperature glasshouse in winter/spring. We found that the key to successful germination was combining surface sowing, endocarp chipping and GA3 treatment. Germination involved the breakdown of mechanical and, probably, chemical dormancy. There also appears to be a cool temperature requirement for germination. Practical recommendations to germinate Snottygobble are made. This germination method will have application to land managers, restoration practitioners and the horticultural industry. Alcoa will continue work to translate this success into an adequate stocking of Snottygobble in restored bauxite mines.
Introduction
Snottygobble (Persoonia longifolia R.Br.), is a key component of the mid-storey of the jarrah forest in Western Australia. A small tree to 5 m ( Fig. 1) , it is most common in gravelly soils in upland northern jarrah forest (Havel 1975) , but is distributed as far south as Albany on the south coast of Western Australia (Marchant et al. 1987) . In the Dwellingup area of the northern jarrah forest it occurs at a mean density of 300 plants/ha (Alcoa, unpubl. data, 1997) . Abbott (1984a) recorded densities of 13-58/ha for individuals over 1.3 m tall over a range of sites in the northern jarrah forest. It is a very conspicuous species because of its medium size (up to 5 m) and light green foliage. The fruit is edible by humans (Daw et al. 1997 ) and has been a food source for Aboriginal people (Joe Wally, Nyoongar Elder, pers comm., 2000) . It is also an important food plant for emus and other vertebrate animals. Emu droppings often consist almost entirely of Snottygobble fruit during the period of fruit fall (June-July) and these birds must play an important role as vectors of Snottygobble seeds (Vigilante 1996) .
The size of the tree, the attractive drooping foliage and coppery coloured flaky bark make the species important for the horticultural industry where it has potential as a garden plant. The foliage is currently harvested for the cut flower trade. Commercial collection of stems from wild populations amounted to 1 163 337 stems in 1997 (Department of Conservation and Land Management, unpubl. data, 1998) .
The trees can produce large quantities of fruit and viability of the freshly fallen fruit is also high (82% Abbott 1984b). However, natural forest regeneration appears to be poor (Abbott 1984b) . The exact cause of this is not known, but increased grazing of seedlings by kangaroos has been suggested (Abbott 1984b) . In rehabilitated bauxite mines Snottygobble establishes at mean densities of 43 plants/ha if topsoil is directly returned from cleared areas to rehabilitated sites. This suggests that there is a soil seed bank of germinable Snottygobble seeds, but this is likely to be of a limited duration because, where the topsoil is stockpiled for a year or more between the soil stripping and respreading operations, there is no establishment of Snottygobble from the seed bank (Alcoa, unpubl. data, 1995) .
The aim of Alcoa's restoration is to return the plant and animal diversity of the mined areas (and Alcoa have an ongoing research programme to try and achieve this.) It is a priority to re-establish key species such as Snottygobble at adequate densities in its restored mine areas. Yet, despite the importance of this species in the south-west of Western Australia and continual attempts at propagation, no-one has been able to successfully propagate Snottygobble by seed, cuttings or tissue culture. Germination of the species is difficult and many previous workers have reported no success (Bell et al. 1993; Koch & Taylor 2000) , even with chemical and heat treatments (Abbott 1984b) , smoke treatment (Dixon et al. 1995) or scarification, smoke and gibberellic acid (Hopkins et al. 2000) . The best published result was 6.1% germination after a year of storage in the soil and smoke treatment (Dixon et al. 1996) . Discussions with other researchers have revealed that many other unsuccessful and unpublished germination experiments have been carried out on Snottygobble. Abbott and Van Heurck (1988) reported that the passage of lowintensity fire over litter in the jarrah forest causes abundant germination in Spreading Snottygobble (Persoonia elliptica), a closely related species to Snottygobble. However, they obtained no germination after trying a range of germination treatments on Spreading Snottygobble. Elliot and Jones (1997) wrote that Snottygobble could be propagated from seed or cuttings but gave no references or further information. Dixon (1984) suggested fermentation, then natural outdoor leaching for a year as a general method for the genus Persoonia but had no success with Snottygobble. It should be emphasized that apart from the 6.1% result of Dixon et al. (1996) all of these previous germination tests or experiments have yielded zero germination. McIntyre (1969) and Rintoul and McIntyre (1975) conducted comprehensive germination tests on Pine-leaved Geebung (Persoonia pinifolia) from eastern Australia. They found gibberellic acid elicited the best germination response; however, the experiments suffered severe microbial attack, which may have limited germination. They suggested that leaching of inhibitory substances was important in allowing Pine-leaved Geebung germination. Ketelhohn et al. (1994) and McIntyre (1969) found that the woody endocarp limited germination in two eastern Australian Persoonia species.
Endozoochory (consumption of seeds by animals and subsequent dispersal) undoubtedly plays a role in dispersal of Snottygobble seeds. Seeds from emu scats did not germinate (Alcoa, unpubl. data, 1995; Vigilante 1996) , indicating that germination does not appear to be facilitated by passage through an emu. Additional trials conducted on seed offered to Bettongs, Sugar Gliders and Kangaroos, also failed to yield successful results (Alcoa, unpubl. data. 2000) .
Alcoa has carried out numerous experiments to try and germinate Snottygobble (and many other species) over several years. The preferred method of establishing Snottygobble (and most other plant species) would be to broadcast readily germinable seed. Other alternative methods, in increasing order of difficulty and cost are, glasshouse germination of seed and planting out of established seedlings, cuttings and tissue culture. Cuttings have shown low success rates with poor-quality plants and tissue culture has been unsuccessful (Alcoa, unpubl. data, 1999) .
The present report describes experiments that were designed to answer the questions:
1. What treatments are required to germinate Snottygobble seeds?
2. Can these treatments provide a practical method for propagating Snottygobble for bauxite mine restoration?
Materials and Methods
The fruit of Snottygobble is a drupe with a leathery exocarp, a succulent mesocarp, hard woody endocarp and one crescent- 
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shaped embryo with two cotyledons (Fig. 2) . Examination of fallen fruit indicates that weathering of the hard woody endocarp occurs during the first year after fruit fall (June-July). Natural weathering eventually causes fracture along a natural line of weakness (location represented by a dotted line in Fig. 2 ) and seeds that germinate naturally in the field emerge through this fracture. The endocarp chipping treatment described in the experiments below is carried out on this natural fracture line.
Te s t i n g s e e d v i a b i l i t y
Seedlots of various ages since field collection were tested for viability by cutting open the endocarp and examining the embryo. A minimum of 20 seeds was tested in each seedlot. If the embryo was white and fleshy the seed was scored as viable. If the embryo was dried, discoloured, rotten or absent then the seed was scored as inviable. The fresh seed was the same as used in these germination experiments. The older seed came from various seedlots, stored at 4°C, in Alcoa's Marrinup Nursery seed store.
G e r m i n a t i o n e x p e r i m e n t s
Between 
T E C H N I C A L R E P O R T (a) (b)
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watered twice daily. The experiment was monitored until 1 December 2000, a period of 532 days.
Experiment 2
This was a complete factorial combination of three seed ages (freshly fallen, 1 year old, 2 years old) with or without: mesocarp removed, endocarp chipped, smoke water or gibberellic acid (GA 3 ). This gave a total of 48 different treatment combinations. There were three replicate trays of each treatment combination, each containing 10 seeds. Seeds were buried 10 mm deep in trays of potting mix (four parts jarrah forest soil : one part fine sand) in a glasshouse at ambient temperature on 14 July 1999. Trays were watered twice daily with tap water only. The experiment was monitored until 1 December 2000, a period of 505 days.
Experiment 3
This was a complete factorial combination of four seed sources (fallen seed, from emu scats, from kangaroo feeding, sun dried) each with and without endocarp chipped, smoke water and GA 3 . This gave a total of 32 different treatment combinations. There were three replicate trays of each treatment combination, each containing 20 seeds. Seeds were buried 10 mm deep in trays of potting mix (four parts jarrah forest soil : one part fine sand) in a glasshouse at ambient temperature on 2 December 1999. There were 30 extra seeds that received the treatment combination: fallen seed, mesocarp removal, endocarp chipped, GA 3 and smoke. These 30 seeds were sown on the surface of one tray and not buried. Watering started on 2 December 1999. All trays were watered twice daily (with tap water) until 10 August 2000, a period of 252 days.
Experiment 4
Freshly fallen seed was collected from two trees in June 2000, one near Dwellingup and one near Jarrahdale. These two trees had previously yielded large quantities of seed. Seed from the two trees was kept separate and used as replicates for a factorial combination of four treatments (mesocarp removal, GA 3 , smoke, endocarp chipping) at two levels (plus or minus). The smoke, GA 3 , endocarp chipped treatment was not applied. Three of the treatment combinations were duplicated by changing the order of treatment application. This gave a total of 18 treatment combinations. Treatment combinations were applied to 20 seeds for each replicate. Immediately after treatment, the seeds were sown on the surface of trays of potting mix. The trays were placed in a glasshouse at ambient temperature on 9 August 2000 and watered twice daily. Final cumulative germination was recorded after 112 days (1 December 2000).
Experiment 5: Testing burial versus surface sowing
This experiment was carried out to determine if surface sowing was a better technique than burial of the seed. There were five replicate trays of two treatments, each containing 10 seeds. The two treatments were surface sowing or 10 mm deep burial in trays of potting mix (four parts jarrah forest soil : one part fine sand). All seeds were collected fresh in July 2001 and had the endocarp chipped. The experiment was set up in a glasshouse at ambient temperature on 27 August 2001. Trays were watered twice daily with tap water only. The experiment was monitored until 8 April 2002, a period of 224 days.
Final cumulative numbers of germinants in experiments 4 and 5 were statistically analysed using MINITAB™ (Minitab Inc. PA, USA). In experiment 4, a four-way ANOVA was carried out on the four treatment factors: mesocarp removal, GA 3 , smoke, endocarp chipping and interactions between these factors. ANOVA was carried out using the actual numbers of germinants (not the per cent germination). Results are presented as per cent germination for clarity.
In all experiments, mesocarp removal was achieved by fermenting in water for 4 days and then removing the flesh by hand. Smoke water was applied by soaking in a 1% solution of Regen 2000™ (Grayson Trading, Melbourne, Victoria, Australia) for 1 h. Gibberellic acid was applied by soaking in a 1000 mg/L solution for 24 h. The endocarp was chipped by cutting off a section of the endocarp along the natural fracture line (see Fig. 2 ) with a scalpel.The embryo was partially exposed by this treatment.
In all of the above experiments, insecticides were applied as necessary to control predation by Sciarid Fly larvae. The fungicides Mancozeb ® (Mancozeb, Rohm & Haas Australia, Melbourne, Victoria, Australia) and Zineb‚ (Chemturf, Sydney, NSW, Australia) were also applied as necessary.
Results
S e e d v i a b i l i t y
Fresh seed had a high mean viability of 95% but declined rapidly to less than 10% at 1 year old and zero after 2 years (Fig. 3) .
G e r m i n a t i o n e x p e r i m e n t s Experiment 1
Four seeds germinated in this experiment out of a total of 2880 seeds sown. Two were in the treatment group of freshly fallen seed combined with H 2 O 2 . The other two were in the treatment group of freshly fallen seed, charring over fire. All four seeds germinated in the second winter, between 403 and 412 days after sowing. There was no significant effect of any treatment or treatment combination on germination.
Experiment 2
One seed germinated in this experiment from a total of 1440 seeds sown. The germinant occurred in the treatment combination group of fresh seed, fermented, smoke, GA 3 , endocarp chip. Germination took 112 days.
Experiment 3
In the trays with buried seeds one seed germinated from a total of 1920 seeds sown. The germinant was in the treatment group of fresh seed, endocarp chip, smoke, GA 3 . Germination took 226 days.
In the one tray with 30 surface sown seeds with the treatment: freshly fallen seed, mesocarp removal, endocarp chipped, GA 3 and smoke, there were 12 germinants (40% germination) by the 10 August 2000, a period of 252 days since watering started. Although watering started in December 1999, the first germination did not occur until 28 June 2000 (209 days).This one tray was unreplicated, so no statistical analysis was made. However, this very important result led to the design of experiment 4 where we investigated the factors: mesocarp removal, endocarp chipped, GA 3 and smoke in more detail. In experiment 4 we used only freshly fallen seeds and sowed all the seeds on the surface.
Experiment 4
The first germination occurred after 49 days (27 September 2000) . Germination continued until 110 days after watering started. Statistical tests using a four-way ANOVA yielded a significant positive germination response to endocarp chipping (P = 0.001) and to GA 3 treatment (P = 0.006). There was no effect of smoke application (P = 0.760) or mesocarp removal (P = 0.645). There was a strong interaction between endocarp chipping and GA 3 application (P = 0.006). This was because GA 3 only elicited significant germination ifendocarp chipping was also applied.
Endocarp chipping by itself had a positive germination effect, but its effect was greatly increased when GA 3 was also applied.
The mean germination percentage for treatments that included both chipping and GA 3 was 13.5%.When neither GA 3 nor endocarp chipping was applied,there were no germinants. The highest germination of any treatment combination was 25%.
Slightly better results were achieved when chipping preceded GA 3 treatment (Fig. 4) .
Experiment 5: Testing burial versus surface sowing
After 224 days, the surface sown trays had significantly higher germination (10%) than the buried seeds (no germinants) (P = 0.013).
Discussion S u c c e s s f u l c o m b i n a t i o n o f t r e a t m e n t s
The key to successful germination of Snottygobble is to combine surface sowing, endocarp chipping and GA 3 treatment. The response to chipping the hard endocarp combined with treatment with gibberellic acid supports the findings of previous researchers who suggest dormancy in Persoonia spp. is due to a mechanical barrier and a chemical inhibitor (McIntyre 1969; Rintoul & McIntyre 1975; Ketelhohn et al. 1994) . Endocarp chipping either before or after GA 3 application gave similar results in our experiment. This is important because it means that the intact endocarp is permeable to water and GA 3 , probably through the micropyle (Fig. 2) . Hence, exchange of gases, water and chemicals can occur even before the endocarp is cracked. The poor germination with an intact endocarp means that the hard woody endocarp presents a physical barrier to the germinating seed.
S u r f a c e s o w i n g
Surface sowing of Snottygobble is also necessary to allow successful germination, probably to alleviate microbial and fungal attack of the exposed embryo. The long time taken for germination can result in embryo rotting if the seed is kept continually wet. Surface sowing provides conditions less suitable for microbial attack.This is consistent with the findings of McIntyre (1969) and Rintoul and McIntyre (1975) who reported severe microbial attack on Pine-leaved Geebung seeds that may have limited germination. There may also be a light requirement for germination. However, our field observations show that seedlings emerge from under a litter layer where no light would penetrate.
S l o w g e r m i n a t i o n
Another important feature is the long period of watering required before the first germination (208 days in experiment 3 and 49 days in experiment 4). This may indicate that a period of leaching is required to remove chemical germination inhibitors. However, even this long period of watering did not promote germination in the glasshouse if GA 3 was not applied.
S e a s o n a l p a t t e r n s
Snottygobble may need a period of low temperatures (such as occur in winter) for maximum germination. Our experiments were carried out in an ambient temperature glasshouse,yet virtually all germination recorded in these experiments occurred in winter or spring. Germination in experiment 3, for example, only started in June, even though watering started in December, and continued through to August. The lower germination percentage obtained in experiment 4 (maximum 25%) compared to a maximum of 40% in experiment 3 may be because we started Experiment 4 on 9 August which meant germination was proceeding during the warmer months of October and November. The surface sowing versus buried seed experiment gave a germination of only 10%. Although there was a significant benefit from surface sowing this low germination is probably because this experiment was started on 27 August and again was proceeding into the warmer spring months. There also appeared to be a higher rate of fungus attack in the warmer months.
Many species in the south-west of Western Australia require low temperatures for maximum germination (Bellairs & Bell 1990; Bell & Bellairs 1992) . This is somewhat borne out by our observations of seedfall and seedling recruitment near parent trees in the native forest, which indicate that seedlings emerge in late autumn and winter. The successful germinants are from seeds that fell the previous winter. Based on our field observations and the findings reported here, the process of germination in the field would appear to be:
• seed falls from the parent tree in June-July • rotting or animal feeding removes the fleshy mesocarp • leaching through the micropyle may occur over the remainder of the first winter and spring • weathering and/or microbial activity weakens the woody endocarp over the first winter, spring, summer and autumn • viability may fall over this period, reducing the maximum number of potential germinants • germination occurs in late autumn or winter approximately 9-12 months after seed fall. If the viability decline in the field is similar to that seen in seed stored at 4°C,the maximum possible field establishment rates could vary greatly between 10 and 60%.
I m p l i c a t i o n s f o r p r a c t i t i o n e r s
The loss of viability of stored seed over the first year means that seed cannot be stored at 4°C for long periods. It is not known if seed stored at other temperatures or left on the forest floor would exhibit this same loss of viability. We found that old weathered seeds collected from under Snottygobble trees have low or nil viability,but we cannot always be sure of the age of these seeds.
The exact mechanisms of dormancy breaking for Snottygobble are not yet fully understood and further work is needed to define the mechanisms more fully and fine-tune the method to increase germination rates. Nevertheless, the findings of the present work so far have provided some evidence that germination can be aided by certain combinations of pretreatments. As a practical guide to germinating Snottygobble the following recommendations are made:
• Collect freshly fallen seed or shake the tree to make ripe seed fall. Seed is ripe in June-July. Large healthy trees have more seed and larger seeds. Use fresh seed.
• Remove the fleshy mesocarp by soaking in water for 4 days, then rubbing by hand. Removal of the mesocarp is not necessary for germination, but it makes the endocarp chipping easier.
• The woody endocarp is oblong in shape. One of the long sides is slightly concave and the other is convex. The natural fracture line is on the convex side (Fig. 2) . Cut along this line with a scalpel or sidecutters. This should partially expose the embryo.
• Soak the seeds in a 1000 mg/L solution of gibberellic acid for 24 h. • Sow the seeds on the soil surface in seedling trays and water twice daily. Insecticide may be needed to control sciarid fly larvae. Germination may be inhibited at high temperature so it is recommended to carry out germinations from June to October or in a cool temperature incubator. Germination can take at least 50 days. The present series of investigations and experiments have succeeded in achieving germination of Snottygobble seeds at rates that at least allow reintroduction of moderate numbers of plants onto restoration sites. While these reintroduced plants could then act as seed sources for further dispersal by fauna, Alcoa will continue work to translate this success into a more adequate stocking of Snottygobble in our restored bauxite mines. The treatments and principles described here may be applicable to other woody fruited species, which have proven difficult to germinate, especially Spreading Snottygobble (P. elliptica) and, perhaps, some of the woody fruited Epacridaceae.
